Trehalose 6-phosphate (Tre6P) is a signal of sucrose availability in plants, and has been implicated in the regulation of shoot branching by the abnormal branching phenotypes of Arabidopsis (Arabidopsis thaliana) and maize (Zea mays) mutants with altered Tre6P metabolism. Decapitation of garden pea (Pisum sativum) plants has been proposed to release the dormancy of axillary buds lower down the stem due to changes in sucrose supply, and we hypothesized that this response is mediated by Tre6P. Decapitation led to a rapid and sustained rise in Tre6P levels in axillary buds, coinciding with the onset of bud outgrowth. This response was suppressed by simultaneous defoliation that restricts the supply of sucrose to axillary buds in decapitated plants. Decapitation also led to a rise in amino acid levels in buds, but a fall in phosphoenolpyruvate and 2-oxoglutarate. Supplying sucrose to stem node explants in vitro triggered a concentration-dependent increase in the Tre6P content of the buds that was highly correlated with their rate of outgrowth. These data show that changes in bud Tre6P levels are correlated with initiation of bud outgrowth following decapitation, suggesting that Tre6P is involved in the release of bud dormancy by sucrose. Tre6P might also be linked to a reconfiguration of carbon and nitrogen metabolism to support the subsequent growth of the bud into a new shoot.
INTRODUCTION
Axillary buds are partially developed shoots, whose growth is often suppressed by the main shoot apex in a phenomenon known as apical dominance (Dun et al., 2009; Ferguson and Beveridge, 2009; M€ uller and Leyser, 2011) . Loss of the shoot tip, e.g. by herbivory or pruning, releases axillary buds from dormancy, allowing them to grow out and form new shoots or branches, thereby affecting the aerial architecture of the plant. The plasticity of shoot architecture is an important adaptive trait in wild species, enabling them to compete for light with neighbouring plants. Shoot branching also affects productivity in crop species, not only by influencing their light harvesting capacity, but also by determining the number of flower and fruit-bearing branches or tillers (Patrick and Colyvas, 2014) .
Auxin is produced in young leaves at the shoot tip and transported in a basipetal manner. For nearly a century, the inhibition of axillary bud outgrowth by this polar auxin flow from the shoot tip has been the dominant concept of apical dominance. Exogenous auxin can also substantially inhibit growth of axillary buds further down the stem. Auxin acts antagonistically with cytokinins, which are synthesized in the root and shoot and transported upwards into axillary buds where they promote growth (reviewed in Dun et al., 2009; M€ uller and Leyser, 2011; Brewer et al., 2013) . Studies of garden pea ramosus (rms), petunia (Petunia hybrida) decreased apical dominance (dad), Arabidopsis more axillary growth (max) and rice (Oryza sativa) dwarf (d3, d10 and d14) branching mutants led to the identification of strigolactones as a major new class of phytohormones that regulate shoot branching (Beveridge et al., 1996 (Beveridge et al., , 1997a Napoli, 1996; Stirnberg et al., 2002; Sorefan et al., 2003; Booker et al., 2004; Booker et al., 2005; Gomez-Roldan et al., 2008; Umehara et al., 2008; Ferguson and Beveridge, 2009; Dun et al., 2012 Dun et al., , 2013 . Two models for the mode of action of strigolactones have been proposed. The auxin canalization model postulates that strigolactones inhibit bud growth by preventing establishment of a sufficient polar auxin stream from the axillary buds (Domagalska and Leyser, 2011; c.f. Brewer et al., 2015 ). An alternative model proposes that the primary action of the apically derived auxin is via regulation of strigolactones and cytokinins that, unlike the auxin, can act directly in axillary buds. Strigolactones and cytokinins antagonistically regulate expression of the BRANCHED1 (BRC1) transcription factor (Aguilar-Mart ınez et al., 2007; Dun et al., 2012) , which is required to inhibit branching. The consensus view is that other genes and processes may yet be discovered to play a role in control of shoot branching (Aguilar-Mart ınez et al., 2007; Seale et al., 2017) .
In all of the hormonal models of apical dominance, disruption of the auxin supply from the shoot tip is considered to be responsible for the release of bud dormancy following decapitation. However, studies of tall pea plants showed that the rate of polar auxin transport (1 cm h
À1
) is too slow to account for the initial release of growth of buds near the base of the stem (Morris et al., 2005; Renton et al., 2012) , which occurs within 2.5 h of decapitation (Mason et al., 2014) . It was also observed that supplying auxin to decapitated plants did not prevent initial bud outgrowth, although later growth was suppressed (Morris et al., 2005) . Furthermore, disruption of the polar auxin flow by stem girdling above a low node did not trigger bud growth within 24 h (Mason et al., 2014) , and neither did treatments with auxin transport inhibitors (Morris et al., 2005) . Collectively, these findings questioned the role of auxin depletion in triggering axillary bud outgrowth in decapitated pea plants.
Some of the earliest studies of shoot branching considered photoassimilates (i.e. sugars) to be a potential factor in apical dominance, with loss of the actively growing cells at the shoot apex allowing available resources to be diverted to the axillary buds after decapitation (Snow, 1929; Thimann and Skoog, 1934) . Similar resource reallocation concepts have been revisited over the years, but failed to overturn the prevailing consensus that auxin is the dominant factor (Gregory and Veale, 1957; Phillips, 1975; Khayat and Zieslin, 1982; Marquat et al., 1999; Maurel et al., 2004; Mishra et al., 2009 ). However, more recent studies in pea provided compelling evidence that changes in sucrose supply are not only necessary but also sufficient to trigger outgrowth of axillary buds near the base of the stem. Mason et al. (2014) observed that the rate of sucrose transport (150 cm h À1 ) is fast enough for changes in sucrose demand at the shoot apex to be transmitted down the stem and precede bud outgrowth. They showed that decapitation leads to a small but significant rise in sucrose levels in axillary buds, while simultaneous defoliation of the plants, which should restrict the supply of sucrose, suppresses the outgrowth of the buds. Supplying sucrose exogenously via a cut petiole to otherwise intact pea plants also triggers bud growth, repressing expression of the BRC1 branching inhibitor gene in the buds. Studies on tillering in barley (Hordeum vulgare), sorghum (Sorghum bicolor) and wheat (Triticum aestivum) have also shown a strong association between sucrose supply and axillary bud growth (Fletcher and Dale, 1973; Kebrom et al., 2010 Kebrom et al., , 2012 Kebrom and Brutnell, 2015; Kebrom and Mullet, 2015) . Some analogues of sucrose are also able to trigger axillary bud growth when supplied to stem node explants of pea, Arabidopsis or rose (Rosa hybrida; Rabot et al., 2012; Barbier et al., 2015a,b) . The molecular mechanisms by which sucrose triggers axillary bud growth are presently unknown. Interestingly, in rose and sorghum, manipulation of the sucrose supply by shading or defoliation leads to changes in expression of their respective orthologues of the Arabidopsis MAX2 gene, which encodes an F-box protein involved in strigolactone signalling (Kebrom et al., 2010; Barbier et al., 2015b) . Expression of the sorghum TEOSINTE BRANCHED1 (TB1) gene, which is orthologous with Arabidopsis BRC1, is also affected by shading, but not by defoliation (Kebrom et al., 2010) . These findings suggest that sugars might influence the sensitivity of buds to inhibition of growth by strigolactones, perhaps involving changes in BRC1/TB1 expression under some circumstances.
The intermediate of trehalose biosynthesis, trehalose 6-phosphate (Tre6P; Cabib and Leloir, 1958) , functions as a signal of sucrose availability in plants (Lunn et al., 2006; Yadav et al., 2014; reviewed in Figueroa and Lunn, 2016) . Tre6P is synthesized by Tre6P synthase (TPS) and dephosphorylated to trehalose by Tre6P phosphatase (TPP). Several lines of evidence point to Tre6P playing a role in regulation of shoot branching. Constitutive over-expression of the Escherichia coli TPS (OtsA) in Arabidopsis leads to an increase in Tre6P levels and a proliferation of shoot branching, while over-expression of the E. coli TPP (OtsB) decreases both Tre6P and shoot branching (Schluepmann et al., 2003) . In maize, the ramosa3 (ra3) mutant produces highly branched male and female inflorescences, and this defect is linked to loss of an isoform of TPP that is specifically expressed within the developing inflorescence primordia (Satoh-Nagasawa et al., 2006) . Finally, in sorghum, several TPS and TPP genes are among the earliest to show changes in expression during bud outgrowth (Kebrom and Mullet, 2016) .
The aim of the current work was to test the hypothesis that Tre6P plays a role in triggering axillary bud outgrowth after decapitation as a signal of changes in sucrose availability. We tested this hypothesis by time-resolved measurements of sucrose, Tre6P and other metabolites in axillary buds of garden pea plants, to determine if their levels change after decapitation and how any changes relate to the timing of bud outgrowth.
RESULTS

Decapitation of pea plants leads to a rise in Tre6P levels in axillary buds
In a preliminary experiment, pea plants were grown in a controlled environment chamber. Plants were decapitated at ZT6 (zeitgeber time, 6 h after dawn), and source leaves (node 3), stem internode 2 and axillary buds (node 2) were harvested at 1-to 2-h intervals for metabolite analysis, along with similar samples from intact plants ( Figure S1a ). We focussed on axillary buds from node 2 because, unlike some of the other buds, they respond rapidly and reproducibly to decapitation by growing out into shoots, and within the time scale of the experiments they are outside the zone of auxin depletion (Beveridge et al., 2003; Mason et al., 2014) . As the individual buds were too small to weigh reliably, protein content was used as the reference unit for bud samples (Wahl et al., 2013) . There was little or no change in glucose levels in any of the three tissues in response to decapitation . Sucrose and Tre6P increased in parallel in the leaves and stem during the day, and by 6 h after decapitation (ZT12) were significantly higher in the stem samples from decapitated plants than the intact controls. The Tre6P:sucrose ratio remained fairly constant in leaves and stems throughout the experiment. Sucrose levels in the buds fluctuated during the day, but there was no overall increase or decrease by 8 h after decapitation, and no significant difference between decapitated and intact plants at any time. In contrast, Tre6P started to rise in buds of decapitated plants from about 3 h after decapitation (ZT9), and by ZT14 was almost five times higher than in buds from intact plants. The Tre6P:sucrose ratio increased in a similar manner. Interestingly, Tre6P began to rise at around the time that significant bud growth was first detected (2.5 h after decapitation) in the experiments of Mason et al. (2014) .
To investigate the metabolic response to decapitation further, the experiment was repeated on plants grown in a naturally illuminated greenhouse, using the same growth conditions and defoliation control treatments as Mason et al. (2014) . Axillary bud (node 2) samples ( Figure 1a ) were harvested at 1-to 2-h intervals from ZT4 to ZT12, and buds from five plants were pooled for each biological replicate. In parallel, growth of axillary buds was monitored by time-lapse photography.
Decapitation resulted in rapid promotion of axillary bud growth at node 2, with the increase in bud size becoming statistically significant from 3 h after decapitation (Figure 1b) , similar to the timing of bud release (2.5 h) reported by Mason et al. (2014) . Expression of the DRM1 dormancy marker gene was decreased four-fold in the buds within 2.5 h of decapitation, and expression of the BRC1 branching inhibitor gene was halved (Tables S1 and  S2 ). Defoliation suppressed the release of bud growth following decapitation, confirming the observations of Mason et al. (2014) .
Decapitation led to a rise in the level of Tre6P within 2 h of decapitation, and by 6 h Tre6P was four-fold higher than in buds from intact plants ( Figure 1c) . Thus, the rise in Tre6P, decrease in expression of dormancy marker genes and the beginning of bud outgrowth all occurred within 2-3 h of decapitation. There was no significant change in Tre6P levels of buds from defoliated, or defoliated and decapitated plants (Figure 1d ), whose growth remained suppressed. Bud glucose levels remained constant, while bud sucrose levels increased slightly in buds from decapitated and from intact plants (Figure 1c, d) . Buds from defoliated plants had lower sucrose levels than those from the non-defoliated plants, consistent with reduced availability of photoassimilates ( Figure 1d ).
To exclude the influence of any changes in bud protein content during outgrowth, the amounts of glucose, sucrose and Tre6P were also normalized on a per bud basis ( Figure S2 ). This confirmed that there was no increase in glucose after decapitation. Sucrose levels did show a consistent tendency to be higher in the buds from decapitated plants from 2-4 h after decapitation, suggesting a transient rise although, unlike similar previous experiments (Mason et al., 2014) , there was no statistically significant difference between decapitated and intact plants. Buds from defoliated plants had less sucrose than those from non-defoliated plants ( Figure S3 ). In agreement with the protein normalized data, Tre6P levels increased from 2-3 h after decapitation and this response was suppressed by defoliation (Figures S2 and S3) .
In addition to sucrose, the phloem also delivers amino acids from source to sink organs. Therefore, it was of interest to investigate the levels of amino acids in buds, along with other primary metabolites that might be affected as the buds start to grow. The total amino acid content of the buds from decapitated plants started to rise within 2 h of decapitation, but did not change in defoliated plants, in which the supply of amino acids, as well as sucrose, from source leaves would also be disrupted ( Figures 1c,d and S3). There were slightly later rises (from about 3 h) in the levels of sucrose 6 0 -phosphate (Suc6P), glucose 1,6-bisphosphate (Glc1,6bP) and fructose 1,6-bisphosphate (Fru1,6bP) ( Figure S4 ). In contrast, 3-phosphoglycerate, phosphoenolpyruvate (PEP) and 2-oxoglutarate (2-OG) started to fall in axillary buds of decapitated plants from about 3 h after decapitation, i.e. slightly later than the rise in Tre6P ( Figure S4 ). None of the other measured tricarboxylic acid (TCA) cycle intermediates was significantly changed at these early times, but citrate, aconitate, isocitrate and malate showed a significant decrease by 8 h. These changes are consistent with altered flux through glycolysis and increased consumption of organic acids for amino acid synthesis.
Individual amino acids were measured in bud samples harvested at 3 or 6 h after decapitation. Compared with intact plants, the buds from decapitated plants had higher levels of Asp, Asn, Gln, His, Ala, Val, Leu, Thr, Phe and Tyr by 3 h after decapitation ( Figure 2 ). There were especially large (two-to six-fold) increases in four (Asp, Asn, Gln and homoserine) out of the six major phloem-transported amino acids (Urquhart and Joy, 1981 ; highlighted by the red boxes in Figure 2 ). These four amino acids rose even further by 6 h after decapitation, as did Ala, Met, Thr and His, whereas Leu, Phe and Tyr fell and were no longer Figure 1 . Growth of axillary buds after decapitation of pea plants coincides with a rise in bud Tre6P levels. Garden pea (Pisum sativum cv. Torsdag) plants were grown in a naturally illuminated greenhouse as described in Mason et al. (2014) . (a) Plants with six fully expanded leaves were decapitated by cutting the main stem 0.5 to 1 cm above node 6 (arrow), note that the leaves at nodes 1 and 2 are very small. (b) Comparison of axillary bud (node 2) growth in decapitated (left) or decapitated + defoliated (right) plants versus intact control plants (both panels show the same data from intact plants). Data are the mean AE standard deviation (SD) (n = 8).
(c) Tre6P and sugar content of axillary buds (node 2). Asterisks indicate significant differences (Student's t-test) between decapitated and intact plants: *P < 0.05, **P < 0.01, ***P < 0.001. significantly different from intact plants at 6 h. The reciprocal rise in Gln and fall in 2-OG resulted in the Gln:2-OG ratio being 10 times higher in buds from decapitated plants at 3 h after decapitation, and 40 times higher at 6 h. Figure 3 provides an overview of metabolic changes after decapitation, showing which metabolites responded quickly to decapitation (within 3 h) and which changed more slowly (within 6 h), potentially indicating primary and secondary responses.
Effect of exogenous sucrose and other disaccharides on bud outgrowth in pea stem node explants
In vitro culturing of stem node explants in a split-plate system is an effective way of testing bud growth responses to specific sugars, overcoming barriers to sugar uptake by intact plants (Barbier et al., 2015b) . Pea stem sections containing individual axillary buds from nodes 5 or 6 were excised from plants with 8-10 fully expanded leaves, and cultured in a split-plate system. The culture medium contained 0, 10, 30 or 50 mM sucrose. Additional explants were cultured with other disaccharides: lactulose, turanose, melibiose and isomaltulose, or with sorbitol or mannitol as osmotic controls (each at a concentration of 30 mM). Bud outgrowth was monitored daily up to 7 days after excision, and parallel bud samples from each treatment were harvested at 1 day after excision for metabolite analysis.
There was no outgrowth of pea axillary buds in explants cultured without added sugar, or in the osmotic controls cultured with mannitol or sorbitol (Figure 4a,b) . Bud growth was observed on all sucrose-containing media, Figure 2 . Amino acid levels in axillary buds of decapitated and intact pea plants. Data are from the experiment described in Figure 1 . The major amino acids in pea phloem sap (Urquhart and Joy, 1981) are highlighted with red boxes. Data are the mean AE standard deviation (SD) (n = 6; each biological replicate contained buds pooled from five plants). Asterisks indicate significant differences (Student's t-test) between decapitated and intact plants: *P < 0.05, **P < 0.01, ***P < 0.001. with growth rate increasing in a sucrose-concentrationdependent manner. Inclusion of 30 mM mannitol in addition to 30 mM sucrose had little or no effect, with growth being similar to that on 30 mM sucrose alone. There was no significant outgrowth on any of the other disaccharides except lactulose (Gal-a-1,6-Fru).
On sucrose-containing medium, the sucrose and Tre6P content of the buds was increased two-to nine-fold compared with the control treatments, with the size of the Tre6P response being dependent on sucrose concentration and unaffected by the additional presence of 30 mM mannitol (Figure 4c ). Treatment with 30 mM lactulose, which also triggered bud outgrowth, led to a four-fold increase in sucrose and a two-fold increase in Tre6P (Figure 4c,d ). This rise in sucrose implies that the pea explants were able to take up and metabolize lactulose, perhaps via a-galactosidase-mediated cleavage to Gal and Fru, which can be phosphorylated and metabolized further to produce sucrose (Yadav et al., 2014) . Sucrose and Tre6P levels in buds from explants cultured on the other sugars were not significantly different from the no-sugar and osmotic controls.
As pea bud growth was observed only on medium that led to an increase in bud sucrose and Tre6P levels, the relationship between growth and these two metabolites was assessed by plotting the average growth rate of the buds per day against the bud sucrose or Tre6P levels, as measured on day 1 after excision (Figure 4e,f) . Pearson correlation analysis showed that growth rate was significantly correlated with sucrose (R 2 = 0.89; P = 3 9 10 -3 ), and even more strongly and significantly with Tre6P (R 2 = 0.96, P = 3 9 10 -6 ). There were no significant differences in the total amino acid content of the buds, except for a 40% decrease in the isomaltulose treatment, and no correlation between total amino acid content and growth ( Figure S5 ). In addition to Tre6P and sucrose, bud levels of Suc6P, Fru1,6bP and Glc1,6bP were also significantly increased in R² = 0.96 *** (a,b) Stem sections containing buds from nodes 5 or 6 (from pea plants with 8-10 fully expanded leaves) were cultured in split-plate assays as described by Barbier et al. (2015b) . Bud growth was monitored daily in explants cultured in the presence or absence of sucrose (a) or other disaccharides, with mannitol or sorbitol used as osmotic controls (b). Data are mean AE standard error of the mean (SEM) (n = 12). (c,d) Buds were harvested from stem node explants at 1 day after excision for measurement of Tre6P (c) and sucrose (d). Data are mean AE standard deviation (SD) (n = 6). Symbol colours: white, no-sugar or osmotic controls; grey, sucrose (tone reflects concentration); black, other disaccharides. Letters indicate significant differences between treatments (one-way ANOVA with post-hoc LSD testing, significance level = 0.05). (e,f) The average growth rate of the buds in each treatment was plotted against Tre6P (e) or sucrose (f) content at 1 day after excision. The Pearson correlation coefficient (R 2 ) and probability (P) values are indicated. treatments that triggered bud growth, while PEP levels were significantly decreased in all of the sucrose treatments ( Figure S5 ). These metabolite changes closely resemble those seen in pea buds in the decapitation experiments ( Figure S4 ). Most of the other measured metabolites were relatively unaffected, except shikimate, which was significantly increased in buds from stem nodes treated with sucrose.
DISCUSSION
Release of bud dormancy is associated with increased Tre6P levels in pea axillary buds
We observed a rapid and substantial rise in Tre6P levels in pea axillary buds within 2-3 h of decapitation (Figures 1  and S1 ). We used defoliation to remove the sucrose supply from leaves as a control treatment (as described by Mason et al., 2014) , to determine whether the change in Tre6P in decapitated plants was dependent on the leaves. Removal of the source leaves disrupted the supply of photoassimilates to sink organs and suppressed bud outgrowth in decapitated plants (Figures 1d and S3 ), confirming the results of Mason et al. (2014) . The decapitation-induced rise in Tre6P was also abolished by defoliation, and therefore may be dependent on the availability of photoassimilates (Figures 1d and S3 ). It should be noted that decapitation would diminish the supply of auxin to the stem in defoliated plants as effectively as in non-defoliated plants. Indeed, the disruption to stem auxin levels may be even greater in defoliated plants, as the source leaves are also a significant source of auxin, which is transported to the shoot apex before entering the polar auxin stream (Jager et al., 2007) . Therefore the differential response to decapitation in defoliated versus non-defoliated plants argues strongly against auxin being the initial trigger of bud outgrowth, in agreement with the conclusions of Morris et al. (2005) and Mason et al. (2014) . Moreover, in all cases, the node 2 buds are at a great distance from the site of decapitation and auxin depletion declines too slowly along the stem to have a local effect (Morris et al., 2005; Renton et al., 2012) . To recap, decapitation rapidly induced a rise in axillary bud Tre6P levels that coincided with the beginning of bud outgrowth, and both of these responses were abolished by removal of source leaves, which disrupted the supply of photoassimilates to the buds. From 11 CO 2 and [ 14 C]sucrose labelling experiments, Mason et al. (2014) observed a two-fold increase in the influx of sucrose and other photoassimilates into axillary buds at node 2 after decapitation. This change was accompanied by a modest, but significant, rise in bud sucrose levels in decapitated plants, but no change in glucose levels. We also saw a rise in bud sucrose levels but no change in glucose levels after decapitation in our greenhouse experiment (Figure 1c) . However, in contrast with Mason et al. (2014) , sucrose levels also rose in buds of intact plants during the course of the experiment, and there were no significant differences in bud sucrose levels between the decapitated and intact plants. This difference from previous observations might reflect the difficulty of reproducing greenhouse experiments due to seasonal and climatic variations in irradiance that can affect leaf growth and development, photosynthetic metabolism, and water use efficiency (Vialet-Chabrand et al., 2016 . The level of sucrose in axillary buds is determined by the relative rates of sucrose influx, which were clearly shown to increase after decapitation (Mason et al., 2014) , and sucrose consumption, and changes in these fluxes are more pertinent than instantaneous sucrose concentrations when studying a dynamic processes like growth. Given the established function of Tre6P as a signal of sucrose availability (Figueroa and Lunn, 2016) , we interpret the rise in Tre6P as a sign of increased sucrose influx into the buds after decapitation, releasing the buds from dormancy and triggering outgrowth as shown by Mason et al. (2014) . As sucrose is the major source of carbon (C) and energy for growth of sink organs, the triggering of bud outgrowth would be expected to increase the bud's consumption of sucrose. Depending on how quickly changes in sucrose consumption occur, we might see a sustained rise in the instantaneous level of sucrose in the buds (Mason et al., 2014) , or a transient rise ( Figure S2 ), or no differential change ( Figure 1c ) compared with dormant buds from intact plants. Split-plate assays with stem node explants showed that exogenous sucrose promotes bud outgrowth (Barbier et al., 2015b) . In our study, the growth response of the buds was directly proportional to the concentration of sucrose supplied, or to the increase in sucrose when the explants were supplied with a sugar (lactulose) that was metabolized to sucrose. Although the growth rate of buds in the split-plate assays was positively and highly correlated with sucrose (Figure 4f ), the correlation between growth rate and Tre6P was even stronger (Figure 4e ), supporting our hypothesis that the triggering of bud outgrowth by sucrose is mediated by changes in the level of Tre6P.
The role of amino acids in axillary bud outgrowth
Although sucrose is usually the most abundant solute in the phloem, other nutrients are also translocated, especially amino acids, whose total concentration in the phloem sap may reach over 200 mM, second only to sucrose (up to 1 M; Winter et al., 1992) . Therefore, the removal of the shoot tip is likely to affect the allocation of amino acids, as well as sucrose, between the remaining sink organs. We saw a rapid and substantial rise in the total amino acid content of axillary buds after decapitation of pea plants ( Figure S4 ), which coincided with the initiation of bud outgrowth and the rise in Tre6P (Figure 1b,c) .
Increases in Asp, Asn, Gln and homoserine made the greatest contribution to the overall rise in amino acids during the first 3 h after decapitation (Figure 2) . Interestingly, these four amino acids, along with Glu and Ser, are the most abundant amino acids in the phloem sap of pea (Urquhart and Joy, 1981) , suggesting that the initial rise in amino acids was due to import from the phloem. Although quantitatively less important, there were also significant increases in the levels of Ala, Val, Leu, Met, Tyr, Phe, Thr, His and Arg within 3 h of decapitation, and many of these increased even further by 6 h (Figure 2 ). This finding suggests that amino acid synthesis is occurring in the buds once they are released from dormancy. This might explain why the levels of Glu and Ser, which are also abundant in pea phloem sap, did not change. Glu is a precursor for many other amino acids, being used as the amino donor in most transamination reactions, while Ser is a substrate for synthesis of Cys, Met and glutathione (c-L-glutamyl-Lcysteinyl glycine), which is particularly abundant in growing tissues (Vernoux et al., 2000) . Glu is also likely to be consumed by increased synthesis of chlorophyll and other porphyrin cofactors (e.g. haem).
Most of the amino acids that increased in buds of decapitated pea plants were also reported to increase in response to an induced rise in the level of Tre6P in Arabidopsis rosettes . The latter was associated with post-translational activation of PEP carboxylase and nitrate reductase, and increased anaplerotic flux of C into organic acids that provide the C-skeletons for amino acid synthesis, at the expense of PEP. We also observed a rapid and dramatic decline in the level of PEP in buds from decapitated plants ( Figure S4 ), and significantly lower levels of PEP in buds of stem node explants containing high levels of Tre6P ( Figure S5 ). These changes are consistent with increased consumption of PEP for production of organic acid C-skeletons for amino acid synthesis, and potentially linked to activation of PEP carboxylase by the high Tre6P levels. We observed a rapid and substantial decrease in 2-OG after decapitation, with levels of several other organic acids falling by 8 h ( Figure S4 ). Together, these metabolite changes suggest that there were altered fluxes of C into and out of the TCA cycle associated with provision of C-skeletons for amino acid synthesis. The massive increase in the Gln:2-OG ratio suggests that the buds were becoming increasingly C-limited as synthesis of amino acids and other precursors of structural components (e.g. cell walls) placed ever increasing demands on the C supply once the buds started to grow.
In the split-plate assays with stem node explants, there was no increase in total amino acid levels in buds growing on sucrose ( Figure S5 ). In these assays, the only sources of nitrogen (N) were nitrate and ammonium, in contrast to the decapitated plants (Figure 1) where the buds would have been supplied with amino acids via the phloem.
Reduction of nitrate to ammonium requires substantial amounts of ATP and reducing equivalents, and assimilation of ammonium into amino acids also requires ATP. This finding explains why N assimilation occurs predominantly in illuminated leaves where there are ample supplies of ATP, NADPH and reduced ferredoxin from photosynthesis. As the leaves were removed from the stem node explants, this change would limit the capacity of explants to assimilate inorganic N and synthesize amino acids. Thus, although amino acid synthesis in the explants may have been stimulated by sucrose (Stitt et al., 2002; Foyer et al., 2006) or Tre6P , the supply of amino acids may still have been limiting for growth. As we observed, no overall increase in total amino acid levels in the growing buds, this situation suggests that they were being consumed for growth as fast as they were being produced. These results indicated that, even in the absence of exogenous amino acids, an increased sucrose supply is sufficient to trigger bud outgrowth, and although amino acid levels might rise in buds of decapitated plants (Figure 1d ), this change is not essential for bud outgrowth.
CONCLUSION
Our results show that a rise in the level of Tre6P in axillary buds occurs rapidly after decapitation of pea plants (Figures 1c and S1d), and coincides with the early growth of the bud (Figure 1b) . Tre6P acts as a signal of sucrose availability in plants (Lunn et al., 2006; Nunes et al., 2013a; Yadav et al., 2014; Bledsoe et al., 2017) . Therefore, the rise in Tre6P levels indicates that there is increased influx of sucrose into the buds from the phloem, corroborating the conclusion of Mason et al. (2014) that sucrose is the initial trigger for axillary bud outgrowth following decapitation. Outgrowth of axillary buds in stem node explants cultured on sucrose-containing medium also showed striking correlations between bud growth and the levels of sucrose and Tre6P in the buds (Figure 4e,f) . Decapitation of pea plants also led to a rise in total amino acid levels in buds (Figure 1d ) that was not apparent in stem explants. The changes in individual amino acids suggested that the initial rise was due mainly to the import of amino acids from the phloem, followed by the synthesis of other amino acids using imported Glu and Ser (Figure 2) . Changes in PEP, 2-OG and other organic acids indicated altered flux of C into and out of the TCA cycle, to provide C-skeletons for amino acid synthesis. Thus, triggering of bud outgrowth leads to a reconfiguring of C and N metabolism to provide the building blocks for growth, and we suggest that Tre6P could play a major role in coordinating these metabolic changes (Figure 5 ), as it does in leaves .
Reverse genetic studies will be needed to define the precise function of Tre6P in shoot branching, and how it influences bud metabolism and growth. In growing tissues, Tre6P inhibits the SUCROSE-NON-FERMENTING-1-RELATED-KINASE1 (SnRK1) protein kinase that is a central hub for energy homeostasis and regulation of growth (Zhang et al., 2009; Nunes et al., 2013b) . Due to the complex effects of Tre6P on sucrose metabolism and other sugar-signalling pathways (Figueroa and Lunn, 2016) , it is likely that other targets and mechanisms are also involved, including direct effects of sucrose on gene expression (Figure 5 ) via translational regulation of the bZIP11 transcription factor (Smeekens et al., 2010; Cookson et al., 2016) . Our observation of changes in bud amino acid levels following decapitation suggested that signalling of N status could also be a factor, implicating the TARGET OF RAPAMYCIN (TOR) protein kinase, which stimulates protein synthesis and other growth related processes (Dobrenel et al., 2016) .
EXPERIMENTAL PROCEDURES Plant material and growth conditions
Garden pea (Pisum sativum cv. Torsdag L107) seeds were imbibed for 24 h on filter paper moistened with distilled water and grown in soil (Dun et al., 2012; Mason et al., 2014) . The plants were grown in a controlled environment chamber with an 18-h photoperiod, with an irradiance of 150-200 lmol m À2 s À1 provided by white fluorescent tubes, and day/night temperatures of 25°C/20°C. Plants with eight fully expanded leaves were decapitated at ZT 6 by cutting the main stem 0.5 cm above node 8. Control (intact) plants were not decapitated. Axillary buds from node 2, the third internode and the third leaf were harvested at 1-h intervals from 0 to 8 h after decapitation, immediately frozen in liquid N 2 and stored at À80°C until analysis.
Plants were also grown in a naturally illuminated greenhouse at the University of Queensland (St Lucia, QLD, Australia; 27°29 0 52 00 S, 153°0 0 48 00 E) with supplementary low-power (60 W) incandescent lighting, and day/night temperatures of 24°C/18°C (as described in Dun et al., 2012; Mason et al., 2014) . Greenhouse experiments were conducted in March to April 2016 when the natural day length was approx. 11.0-12.5 h. Plants with six fully expanded leaves were decapitated at ZT 4 by cutting the stem 0.5 cm above node 6. Control plants were either defoliated or defoliated and decapitated at the same time, or left intact. Axillary buds from node 2 were harvested at 1 to 2-h intervals, immediately frozen in liquid N 2 in pools of five buds per sample and stored at À80°C until analysis. Growth of axillary buds (node 2) was monitored in situ using C910 highdefinition webcams (Logitech; www.logitech.com), recording timelapse images of axillary buds and an adjacent scale bar every 30 min from 0 to 8 h after decapitation or defoliation. Multiple cameras were used simultaneously to monitor the growth of eight individual buds per treatment. Bud length was calculated using ImageJ software (imagej.nih.gov/ij/).
In vitro cultivation of pea stem node explants
Stem sections containing the fifth and sixth nodes of greenhousegrown pea plants with 8-10 fully expanded leaves were excised, cut into 1.5-cm sections containing one axillary bud and the adjacent internodes, sterilized by incubation for a few seconds in 70% (v/v) ethanol, briefly dried and then placed on solid 0.59 MS medium (Murashige and Skoog, 1962) with the bud facing upwards. Each plate (10 9 10 cm) contained 80 ml of 0.5 9 MS medium with: (i) no added sugars; (ii) 10-50 mM sucrose; (iii) 30 mM sucrose analogues (lactulose, turanose, melibiose or isomaltulose); or (iv) 30 mM mannitol or sorbitol (as osmotic controls). Bud growth was monitored for 7 days after excision using webcams as described above. Buds were harvested from parallel samples at 1 day after excision and immediately frozen in liquid N 2 .
Metabolite extraction
Except for bud samples, frozen plant tissue was ground to a fine powder at liquid N 2 temperature using a ball mill (Retsch; www.re tsch.com). Water-soluble metabolites were extracted from aliquots (10-20 mg) of frozen tissue powder or intact frozen buds using 
Metabolite measurements
Glucose, fructose and sucrose were measured in pea bud extracts by LC-MS/MS (see Methods S1). For other tissues soluble sugars were measured enzymatically (Stitt et al., 1989) . Tre6P, phosphorylated intermediates and organic acids were measured by LC-MS/ MS (Lunn et al., 2006) , with modifications as described in . Individual amino acids were measured by HPLC with pre-column derivatization with O-phthalaldehyde and fluorescence detection (Watanabe et al., 2013) . Total amino acid content was measured using the fluorescamine method (BantanPolak et al., 2001) . Starch was determined enzymatically (Hendriks et al., 2003) . Protein content was determined colorimetrically using the dye-binding assay (Bradford, 1976) with bovine serum albumin (BSA) as reference. Extract aliquots of 5, 10 and 15 ll were analyzed in duplicate and the protein content calculated by linear regression.
Statistical analysis
Data plots and statistical analysis were performed using R Studio Version 0.99.896 (www.rstudio.com) with R version 3.3.0 (cran.rproject.org/) and the package ggplot2. Student's t-test was performed using the R default package stats. One-way analysis of variance (ANOVA) with post-hoc comparison of means testing using the multiple comparison least significant difference (LSD) test was performed using the R package agricolae.
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